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Change in PEHA concentration after acid treatment to different pH P E H A c o n c e n tr a tio n C h a n g e in P E H A c o n c e n tra tio n Figure S1 . Graph of additive content in silica versus acidification pH (squares). Circles show change in PEHA concentration between different acid treatment levels (i.e. circle at pH 4.5 shows the difference in concentration between pH 5 and pH 4)
Pore-size analysis of bioinspired silica after additive removal: Figure S2 . Effect of treatment method on desorption pore-size. Methods as follows: U -no treatment; WR -Water Reflux; C -calcined; A -Acid treated; A+C -acid treated then calcined.
Surface-charge calculations on bioinspired silica: Table S1 . Surface density of charge as a function of pH at electrolyte concentration 0.1 mol/dm 3 NaCl ionic, σ in µCcm -3 . [1] 
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Molecular dynamics Model details and validation: calculation of the heat of immersion
All amine species in our system were modelled using the OPLS all-atom force field [2] (see parameters in Tables S2-S5 and Figure S2 ) combined with the SPC/E model for water [3] . Parameters for silica surfaces were taken from the INTERFACE force field [4] . This is ready to use in combinations with several other force fields such as AMBER, CHARMM, CVFF, PCFF, COMPASS, however some adjustments were necessary to use it in the OPLS framework due to the different conventions adopted in the OPLS and in CHARMM force fields for dealing with the 1-4 interactions (CHARMM takes 100% of the 1-4 interactions whereas OPLS only takes 50% of them). To account for this difference, additional terms for Lennard-Jones interactions were added in the silica surface parameters (see Table S6 ). Figure S3 . Schematic representation of two amine topologies covering all different atom types: N1 -violet, N2 -purple, N3c -blue, N2c -light blue, HN1 -gray, HN2 -pink, H3c -ice blue, H2c -cyan, HCN -black, CN1 -green, CN2 -yellow, CN2c -orange, CN3 -red. [5] . Table S2 . Lennard-Jones parameters, point charges and atomic masses for all atom types. Values for silica surfaces have been adapted from Emami [5] to be used in GROMACS 4.6 software [6] in the OPLS framework. To make sure that our approach based on OPLS with the appropriate corrections is equivalent to the CHARMM approach in the original force field, we calculated the heat of immersion of a pyrogenic silica surface with 0% ionization and compared this value with the value reported in reference [4] . The pyrogenic silica surface was used to match the original force field validation protocol. All parameters are exactly the same as those used to describe amorphous silica surfaces in this work. In addition to this, in all our simulations we use the SPC/E water model [3] whereas Emami [5] tested silicawater interfacial properties for SPC, TIP3P and PCFF water models. Hence, calculation of the heat of immersion in our system provides not just an indication of the transferability of the INTERFACE force field within the OPLS framework but also of its performance in combination with a different water model. As such, four different systems were considered: 1) CHARMM framework with SPC water, 2) CHARMM framework with SPC/E water, 3) OPLS framework with additional nonbonded interactions and SPC water and 4) OPLS framework including non-bonded interactions and SPC/E water.
The heat of immersion is defined as:
Where Esurface-in-water is the total energy of the surface immersed in water, Esurface-invacuum the energy of the surface in vacuum and Ewater the energy of a box containing 1600 water molecules. This energy is normalised by the total surface area (2A) so that units are mJ/m 2 The computational procedure [5] adopted requires that, for each of the systems studied, three molecular simulations corresponding to the three energy terms in the equation (with the exception of the vacuum term which is independent of the model used for water) are performed. Once again, structures and topology of pyrogenic silica were taken from the INTERFACE package and adapted to be used in GROMACS 4.6 software. The system representing the surface immersed in water was created by S10 adding 1600 water molecules to a simulation box containing the surface. This was followed by energy minimisation and equilibration in the NpT ensemble with semiisotropic pressure coupling at 273 K before data were collected at 300 K in the NvT ensemble for 6 ns and using a time step of 1 fs. The exact same steps of equilibration were followed also for the system containing only 1600 water molecules, whereas the system in vacuum was created by deleting all the water molecules from the surfacein-water system while extending the box height to 30 nm. In this last case no NpT equilibration is required. A cut-off of 1.2 nm was applied to short-range dispersion interactions and the same distance was used for the particle-mesh Ewald method (PME) [7] to take into account the long-range Coulomb electrostatics. Finally, a longrange dispersion correction term was added to both energy and pressure. For all simulations, total energies were averaged over the last 4 ns providing the results shown in Table S7 . This work 157 ± 1 (CHARMM-SPC), 199 ± 1 (CHARMM-SPC/E), 157 ± 1 (OPLS-
SPC), 167 ± 2 (OPLS-SPC/E)
Emami [4] 167 ± 2 (SPC), 160 ± 2 (TIP3P), 157 ± 2 (PCFF)
Taylor [7] 160 ± 5
Our results show, with the exception of the system in the CHARMM framework using the SPC/E water model, very good agreement with both experimental [8] and previous simulation results [5] confirming that our approach using the OPLS framework and SPC/E model for water can be considered a valid approximation to represent interactions with silica surfaces, including amorphous surfaces which are the main interest of this work. Table S8 .Population of amines between pH 3 and 7. Ionisation data obtained from the SPARC online calculator [9] , N 0 -unionised, N + -ionised. 
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Details of calculations of energy requirements for calcination and acid treatment
Calcination On the lab scale, the energy required for calcination depends on the equipment power rating only, and does not vary with the amount of material being treated at any time. Therefore, it is impossible to extrapolate process-scale-relevant information from small-scale experiments. One important observation, however, is that the relative power requirements for heating and maintaining temperature are approximately 75% and 20% of the total equipment power rating, respectively. Unlike lab-scale furnaces industrial furnaces can achieve a fuel efficiency of approximately 80% [10] , which allows for design based on material throughput. Heat capacity of bioinspired silica can be estimated from previous studies of amorphous silicas [11] , and the same assumptions for the relative power requirements to heat the materials as to maintain heat are used as in the lab-scale calculations (i.e. that the work required to heat the material is 3.75 times the work required to maintain heat).Therefore, given a silica throughput of 40,000 tons and an operating duration of 8000 hours per annum (consistent with our previous work [12] ), a furnace throughput of 5 tons per hour and a residence time of 8 hours was estimated using equation 2 to be approximately 2.8MW.
Where QFurnace is the calculated furnace duty, τ is the furnace residence time, η is the fuel efficiency, ̇ is the mass flowrate of silica through the system, Cp is the silica heat capacity, and ∆T is the temperature change in the furnace.
Acid treatment Calculating the energy cost of acid treatment to purify bioinspired silica on a process scale depends on the energy cost of mixing extra acid into the reaction media. To estimate this, a conventional stirred tank was designed using the standard geometries defined in reference [13] as liquid height H = tank diameter D, and stirrer diameter R = D/3. Given the specifics of the small-scale experiments from this study (~1 g/L yield, 10 minute residence time), the working tank volume was calculated to be 875 m 3 , corresponding to a tank diameter and height of 10.4m. A stirrer speed of 68 RPM was chosen as a standard AGMA gearbox output, and a power number for a 4 pitchedblade turbine of 1.73 was used as defined in reference [13] . By using equation (3) for power number the duty of the stirrer was calculated to be approximately 735kW, a significant reduction over the calculated cost of calcination.
Where P is the stirrer duty, Po is the stirrer power number, n is the stirrer frequency, D is the tank diameter and ρ is the liquid density.
Ethanol reflux For ethanol reflux, the largest energy requirement arises from the latent heat of the ethanol, which will be in a constant state of boiling and condensing. From lab-scale studies, the relative quantities of ethanol to silica vary between 150ml ethanol:1g silica [14] to 50ml ethanol:1g silica. [15] For the purposes of this study, we used the S15 midpoint between these reported values of 100ml ethanol:1g silica. This corresponds to approximately 79g ethanol:1g silica.
As before, a silica throughput of 5 tons per hour was used, corresponding to an ethanol flow rate of 394.5 tons of ethanol per hour. Given an ethanol latent heat of 864kJ/kg, [16] the total heat required for vaporisation would be 92.7MW, however as the system is at reflux this energy should all be returned to the system by the immediate condensation of ethanol. Assuming 5% heat losses across the unit operation, an overall duty of 4.64MW was estimated using equation (4) . 
